Objective: Several studies have suggested that repetitive transcranial magnetic stimulation (rTMS) of the right prefrontal cortex may be useful in the treatment of posttraumatic stress disorder (PTSD). The aim of this study was to compare the effect of rTMS on the right prefrontal cortex with that of sham stimulation among patients with PTSD. Methods: In total, 18 patients with PTSD were randomly assigned to the 1-Hz low-frequency rTMS group or the sham group for 3 weeks. Primary efficacy measures were the Clinician-Administered PTSD Scale (CAPS) and its subscales, assessed at baseline and at 2, 4, and 8 weeks.
INTRODUCTION
Repetitive transcranial magnetic stimulation (rTMS) is a recently introduced non-invasive tool that has been recommended as a possible treatment for various psychiatric disorders. The feasibility of the application of rTMS to the treatment of psychiatric disorders became a subject of interest after it was reported that rTMS can alter the cortical excitability of the brain. 1) It is evident that rTMS has effects on various brain functions, such as motor function, memory, concentration, language, and emotion. Some reports have suggested that rTMS induced significant changes in a monoamine receptor in the cerebral cortex and had a substantial and rapid effect on the monoamine neurotransmitters system. 2, 3) It also has modulatory effects on thyroid stimulatory hormone and cortisol, 4) suggesting that this technique could be applicable to the alterations in the neuroendocrine system in mood disorders. rTMS has been used most in the treatment of depressive disorders, 5) and its application to psychiatric disorders has recently been extended to obsessive-compulsive disorder, 6) tic disorder, 7) and even to major psychosis. 8, 9) Considering the pathophysiology of posttraumatic stress disorder (PTSD), rTMS may be applicable to the treatment of PTSD. Previous findings from a number of functional neuroimaging studies and the predominance of hyperarousal symptom in PTSD suggest that altered brain excitability could be a major factor in the pathogenesis of PTSD. [10] [11] [12] [13] Moreover, a recent neurophysiological study reported that alterations in intracortical inhibition could be implicated in the pathogenesis of PTSD. Measurement of motor-evoked potentials revealed that the lack of intracortical inhibition was strictly correlated with the presence of PTSD symptoms and that functional or structural injury to highly excitable interneurons, such as γ-amino- butyric acid (GABA) neurons, could account for the impairment of cortical inhibition after traumatic events. 14) Several studies have suggested that rTMS, with different treatment indices, such as intensity, stimulation location, and frequency, may be useful in the treatment of PTSD. The administration of low-frequency rTMS has been shown to be able to revert the lowered seizure threshold to normal, 15, 16) and previous studies have reported that rTMS may alter brain function by modulating the release of neurotransmitters, the efficiency of synaptic transmission, and signal transduction pathways. 17) Given this background, we sought to assess the efficacy and tolerability of low-frequency rTMS in patients with PTSD over a 3-week period.
METHODS
Patients with PTSD were recruited from the PTSD clinic at The Catholic University of Korea, St. Mary's Hospital. The protocol was approved by the Institutional Review Board of The Catholic University of Korea (SCMC 070T076).
The traumatic events experienced by participants were non-military and included motor vehicle accidents (n= 13), domestic violence (n=3), and physical assaults by strangers (n=2). The mean time elapsed since the traumatic event was 3.3 years (standard deviation 1.4 years). Diagnosis according to the Diagnostic and Statistical Manual of Mental Disorders fourth edition, text revised version (DSM-IV-TR) criteria for PTSD was based on a consensus between two board-certified psychiatrists. 18) The Structured Clinical Interview, DSM-IV Axis I Disorders-Clinician Version (SCID) 19) was administered to all patients for lifetime comorbidities. Subjects with neurological illnesses and medico-surgical illnesses (e.g., seizure, estimated intelligence quotient less than 80, and heart disease with a pacemaker) were excluded. Subjects were also excluded if they were pregnant or left-handed. The Clinician-Administered PTSD Scale (CAPS) 20, 21) was administered to characterize PTSD symptoms quantitatively. The 18 patients with PTSD were randomly assigned to the 1-Hz rTMS or sham condition according to a double-blind design. Sixteen patients with PTSD finally participated and completed the study. One patient withdrew consent prior to study initiation, and another dropped out after failing to keep the appointment schedule. The active rTMS group consisted of seven patients with PTSD, including three males and four females, with a mean age of 36.3±8.8 years. The sham TMS group consisted of nine inpatients with PTSD (three males, six females; mean age: 32.8±6.9 years). Demographic data are shown in Table 1 .
rTMS was performed using a TAMAS stimulator with a figure-of-8 coil (CR Tech, Daejon, Korea). On the initial treatment visit, we determined the motor threshold of the left abductor pollicis brevis muscle at rest. The resting motor threshold was defined as the minimum magnetic power needed to elicit contraction of the muscle, according to visual inspection, in five of 10 trials using single-pulse TMS administered to the contralateral primary motor cortex. The right prefrontal cortical stimulation site was defined as the location 5 cm anterior to and in a para- sagittal plane from the site of maximal abductor pollicis brevis muscle stimulation, as in a previous study. 22) The active rTMS group received 3 weeks of low-frequency rTMS trains at 1 Hz for 20 minutes per weekday (for a total of 15 days of treatment) at 100% of the motor threshold of the patient's resting motor threshold (total, 18,000 pulses) to the right prefrontal cortex. The sham group received an identical rTMS treatment, except that the lateral wing of the coil was raised 90 o off the head, with the edge of the medial wing of the coil still touching the scalp. While receiving active rTMS treatment or sham stimulation, patients were seated in a reclined, head-supported examination chair. rTMS was administered each day by a trained psychiatrist who purposefully had very limited verbal interaction with the subject. The rTMS administerer was blind to all subject information and blocked from communicating about subjects with raters. Prior to the study, the experimenter was trained to maintain a consistent and neutral attitude toward each practice to minimize biases. Psychopharmacological and supportive psychotherapeutic approaches were maintained in both groups during the study period. Primary efficacy measures were the CAPS 20, 21) and its subscales, administered by an independent investigator blind to the stimulation conditions, at baseline and weeks 2, 4, and 8. Data from all participants were analyzed. For purposes of effectiveness, CAPS scores were analyzed using repeated-measures analysis of variance (ANOVA) with CAPS score as the within-subject factor and assigned group as the between-subject factor. Interaction effects between time and treatment group were also considered. Post-hoc analysis was done to evaluate when the treatment effect actually happened using paired t-test. Descriptive statistics and the Monte-Carlo method were used to examine group differences where appropriate. All statistical significance calculations were two-tailed, and significance was set at p＜0.05. All data analyses were conducted using Statistical Analysis System (SAS), version 9.1 (SAS Institute Inc., Cary, NC, USA).
RESULTS
The active rTMS and sham groups showed no statistically significant difference in baseline characteristics, including CAPS scores (Table 1 ). In terms of the time effect, we found significant improvements in all items on the CAPS. The interaction between time and treatment group revealed significant differences in the re-experiencing (df=1.707, F=7.47, p=0.004) and total (df=1.674, F=6.45, p=0.008) scores on the CAPS. The post-hoc analysis showed significant improvement in the re-experiencing (p=0.004) and total (p＜0.001) scores on the CAPS of rTMS group from the time point of week 2. The avoidance scores on the CAPS reflected a trend toward significance (df=3, F=2.74, p=0.055), but no significant difference in the CAPS hyperarousal scores was observed (Figs. 1-4) .
No serious adverse effects of rTMS were reported by the subjects during the trial. Mild adverse effects, such as headache (n=3) and dizziness (n=1), were reported during the real trial. Headache (n=2), dizziness (n=1), and difficulty in concentrating (n=1) were reported during the sham trial.
DISCUSSION
In the present study, we found that 3 weeks of low-frequency rTMS on the right prefrontal cortex was associated with a greater therapeutic effect than was the sham control treatment among patients with PTSD. Moreover, the scores for the re-experiencing symptoms of PTSD showed significant improvement, although hyperarousal scores did not differ significantly between groups and the difference between the active rTMS and sham TMS groups with regard to avoidance was only marginally significant. This study suggests that rTMS treatment on the right prefrontal cortex may be a promising avenue for future research on the treatment of PTSD and that its differential effects may provide important information about specific PTSD symptom clusters.
Open trials [23] [24] [25] and a controlled study 26) have sug- 24) used rTMS with a 1-Hz low frequency and 80% motor threshold; PTSD core symptoms improved significantly, and positron emission tomography confirmed that the previously hyperactive metabolism in the right frontal lobe and the overall cerebrum decreased in two cases, suggesting the therapeutic effect of low-frequency rTMS for PTSD. A recent study 25) tried to find differences between low-and high-frequency stimulation in rTMS. In this study, six patients with comorbid PTSD and major depression were treated with 1 Hz, and the other six patients were treated with 5 Hz, with 90% motor threshold. The results showed only minimal improvement in PTSD symptoms, and the antidepressant effect of rTMS was not dependent on stimulation frequency. Using an 80% motor threshold, Cohen et al. 26) compared the effect of three conditions on individuals with PTSD: 1-Hz low frequency, 10-Hz high frequency, and sham treatment. They found that 10-Hz high-frequency rTMS was associated with a greater therapeutic effect than was 1-Hz low-frequency or sham stimulation. These results differed from those of previous trials [23] [24] [25] and the present study, where low-frequency rTMS was effective in the treatment of PTSD. There are several possible reasons for these differences. Our results show no clear difference between the two groups until 2 weeks after 1-Hz rTMS; however, a significant difference was apparent after 4 and 8 weeks. It may be that the differences resulted from the more frequent stimulation, higher intensity, and longer duration of treatment and follow-up in our study than in Cohen et al.'s study, 26) although the effects of the natural course of PTSD and a small-sample bias may have been obscured in either study. As it appears that more stimuli of higher intensity had a more powerful antidepressant effect in previous studies, 27 ) the treatment protocol of Cohen's study, 26) with 1 Hz for 5 seconds per train and a 55-second intertrain interval for 20 minutes, may be somewhat weaker than that used in the present study. On other hand, an alternative explanation of the results of Cohen et al.'s study 26) was offered by Rossi et al. 28) Because high-frequency TMS over the frontal cortex could interfere with episodic, visual, 29) and auditory 30) memory, the authors suggested that rTMS in patients with PTSD could have beneficial effects on the classical manifestations of episodic memory dysfunction.
We also suggest that a gradual treatment effect could be linked to a delayed or progressive neuromodulatory effect associated with rTMS treatment. Thus, direct comparisons between low-and high-frequency rTMS and shortand long-term treatment periods would be useful.
The strengths of the present study include the 3-week treatment period and the higher intensity of the rTMS (100% of motor threshold) compared with that in other studies. Most studies adopted short-term stimulation periods and relatively weak stimulation intensities, such as 1-2 weeks and 80-90%, respectively. More intensive rTMS parameters might be more beneficial given the sustained effectiveness of rTMS up to 8 weeks in the present study. Indeed, enhanced outcomes have been suggested in association with different rTMS parameters, such as higher intensity and longer duration. 15) Recently, a similar study was conducted by Watts et al. 31) Their study also showed clinically significant improvement in PTSD symptoms with 1-Hz rTMS over the right dorsolateral prefrontal cortex, but the effectiveness showed some degradation when evaluated at 2 months post-treatment. There was also no difference in the effectiveness of rTMS across the three clusters of core PTSD symptoms. However, that study also used a relatively low intensity and few total pulses compared with our study. It remains unclear as to which areas of the brain are responsible for the manifestation of and improvement in PTSD symptoms. With the exception of one small study, 25) most studies have stimulated the right prefrontal cortex as the treatment of PTSD and, as evidenced by some imaging data 13, 32) and animal studies, 33) the right prefrontal cortex may be more closely associated with PTSD than is the left side. In a recent study, 34) patients with PTSD showed marked increases in glutamatergic intracortical facilitation in the right hemisphere; they also showed right-sided impairment of short latency afferent inhibition, reflecting GABA-mediated modulation. These findings may be associated with the lateralization of the hemispheres in PTSD. Additionally, the study conducted by Pallanti et al. 35) compared the effect of unilateral stimulation with rTMS and sequential bilateral stimulation in treatment-resistant depressed patients. This study demonstrated that low-frequency rTMS over the unilateral right dorsolateral prefrontal cortex showed higher efficacy than did bilateral stimulation. The results also suggested that low-frequency unilateral stimulation was more attractive than was bilateral stimulation in terms of safety, tolerability, and cost-effectiveness. Interestingly, in terms of subscore comparisons, only the re-experiencing score was improved significantly in the active rTMS group versus the sham group, which is consistent with a previous study. 26) Additionally, the typical antidepressant pharmacotherapy for PTSD would be expected to affect the depressive symptoms of PTSD rather than the core symptoms, 36) suggesting that a differential effect of rTMS on the specific core PTSD symptom cluster may occur. The present study has several limitations. The most important limitation is the small number of subjects, corresponding to power of 45% with an effect size of 0.8 at a two-tailed significance level of less than 0.05. Second, as our observation period was somewhat long, we cannot completely exclude progressive changes in relation to the natural course of the disease, and the placebo effect of rTMS has also been debated. 37, 38) Third, patients continued to receive medications. Fourth, we did not assess comorbidities, such as depression or other anxiety disorders. Finally, we used only low-frequency rTMS with no comparison arm.
In conclusion, despite several methodological weakness, the present study showed that low-frequency rTMS on the right prefrontal cortex for 3 weeks was associated with therapeutic effects compared with sham treatment among patients with PTSD and also demonstrated differential effects on the core PTSD symptom cluster. 
